If the lignin-first biorefinery concept becomes a reality, high quality lignins close in structure to native lignins will become available in large quantities. One potential way to utilise this renewable material is through depolymerisation to aromatic chemicals. This will require the development of new chemical methods. Here, we report the synthesis and characterisation of advanced lignin model polymers to be used as tools to develop these methods. The controlled incorporation of the major linkages in lignin is demonstrated to give complex hardwood and softwood lignin model polymers. These polymers have been characterised by 2D HSQC NMR and GPC analysis and have been compared to isolated lignins.
Introduction
Lignin is an aromatic rich bio-polymer which is second only to cellulose as the most abundant renewable carbon source on the planet. 1 As such it holds great potential to supply a future chemical industry with renewable aromatic chemicals as the world economy transitions away from the use of fossil fuels. However, the challenge of selective lignin depolymerisation and valorisation has yet to be fully met and continues to be the focus of a great deal of scientific research. [2] [3] [4] [5] For over a century lignin has been a major by-product of the pulp and paper industry and it is estimated that currently around 63 million tonnes is extracted annually. 6 A small proportion of this production consists of lignosulfonates from sulfite pulping for which there exists an established market in which Borregard are world leaders. 7 However, the vast majority is produced through the kraft process. 8 In both case the extracted lignins are typically severely chemically altered compared to native lignins, making the production of aromatic chemicals, particularly in good yields, much more challenging. 9 This has led to the development of the "lignin-first" biorefinery concept where the production of high quality lignins, close in structure to native lignin, has been proposed to facilitate the production of aromatic chemicals in good yields. 10 Whilst significant advances have been made in recent years, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] the selective depolymerisation of lignin to small molecules is still a challenge. In order to develop new methods, model compounds are often used as a starting point. This greatly simplifies the analysis of new products and the optimisation of reaction conditions. However, these models frequently fail to replicate the surrounding linkages (2D environment) let alone the complex 3-dimensional structure of lignin. These limitations can ultimately lead to apparently promising reactions on models failing on lignin. In order to overcome this, interest has started to grow in the synthesis of more complex oligomeric and polymeric models. [21] [22] [23] Indeed, recently the synthesis of an advanced hexameric lignin model was reported which incorporates a number of different linkages into one molecule. 21 Previous research on the chemical synthesis of model polymers has focussed only on the β-O-4 linkage, however these lack several of the major linkages present in lignin and therefore a great deal of the complexity. The synthesis of more complex polymers can be achieved through the dehydrogenative polymerisation (DHP) of the monolignols coniferyl, sinapyl and coumaryl alcohol. However this remains challenging and control over the relative distribution of linkages is lacking due to the reliance on a radical polymerisation process. These factors perhaps explain why the use of DHP polymers has largely been limited to a number of excellent investigations into the biosynthesis [24] [25] [26] [27] [28] [29] and biodegradation [30] [31] [32] [33] [34] [35] of lignin rather than chemical depolymerisation.
In order to widen the use of complex polymers for investigations into the chemical depolymerisation of lignin we were interested in combining the simplicity of previously described β-O-4 polymer syntheses 11, 22 with the structural complexity of DHP polymers. For example, whilst our previously reported model polymer 11 contained exclusively β-O-4 linkages (with an S : G ratio of 1 : 1), here we prepare considerably more complex structures that include other common linkages in addition to the β-O-4 linkage. Such substrates should prove useful in developing and testing novel chemical methods for lignin valorisation, in particular as stepping stone models between the commonly used dimeric model compounds and more challenging biomass derived substrates. We have recently shown the utility of polymeric models in developing a novel method for the selective depolymerisation of birch lignin to aromatic chemicals 11 and others have used simpler model polymers to study lignin depolymerisation. 36, 37 As an example Samec et al.
reported the development of an efficient method for selective depolymerisation of dimeric lignin model compounds and simple model polymers using a heterogenous Pd/C catalyst. Unfortunately, this methodology failed to produce significant amounts of monomers from lignin 37 highlighting the need for more advanced and structurally faithful polymeric models. Ultimately, such models could accelerate the introduction of lignin derived green alternatives to fossil fuel products.
Results and discussion
As the composition of natural lignins can vary significantly both in the relative abundances of inter-unit linkages and G : S ratios we wanted to develop a synthesis of model polymers that would allow control over both of these variables. Based on the work of Nakatsubo et al. 22 we recently reported the facile synthesis of a S-G β-O-4 polymer as a model for a hardwood lignin. 11 As this methodology makes use of monomers which can be easily accessed from vanillin and syringaldehyde in one step without chromatography and in excellent yield, 11, 22 it formed the basis of the work we report here.
Hardwood lignin models
The first extension we considered was the introduction of the β-β (resinol) unit into the polymer as a model for hardwood lignins. These lignins are typically rich in β-O-4 and β-β linkages, but have low abundances of β-5 ( phenylcoumaran) units. [38] [39] [40] We proposed this could be achievable using monomer 1, the synthesis of which was accomplished in five steps from syringaldehyde (2) (Scheme 1) following established literature procedures. Knoevenagel condensation of 2 with malonic acid gave sinapic acid (3), which was esterified to methyl sinapate (4) and then reduced to give sinapyl alcohol (5) . A biomimetic oxidative dimerization gave syringaresinol (6) which was alkylated with ethyl bromoacetate to give the required monomer 1. This synthesis could be achieved on a multigram scale without any chromatographic purifications.
As the majority of resinol units in hardwood lignins appear to be derived from syringaresinol 38 the introduction of units arising from the homo-or hetero-dimerisation of the other monolignols (coniferyl or p-coumaryl alcohol) was not attempted.
With monomer 1 in hand, its incorporation into an S-G polymer was attempted. This proceeded smoothly using a 0.2 : 1 : 1 mixture of 1 : 7 : 8 (Scheme 2) with LDA in THF to give a polymeric material, the ester groups in which were reduced using NaBH 4 /MeOH in EtOH at 50°C without purification after the first step. Precipitation in acidified water and purification of the crude polymer by re-precipitation in Et 2 O gave polymer 9 containing both β-O-4 and β-β units in 48% yield over 2 steps on a 2 g scale (Scheme 2).
The synthesis of all S polymer 10 was also undertaken (0.1 : 0.9 ratio of 1 : 8) using the same experimental procedure as for 9 in 28% yield. This is an interesting model as the production of extremely S rich lignins has been reported in transgenic hybrid poplar trees 44 which show significantly improved pulping characteristics over the wild type trees. These trees are therefore potentially economically interesting for future pulping and biorefinery industries 45 which could potentially produce extremely S rich lignins as co-products. Interestingly, the synthesis of syringyl rich polymers from sinapyl alcohol using DHP methods gives low molecular weight products in poor yields highlighting one advantage of the synthesis reported here. 46 
Softwood lignin models
With hardwood lignin model polymers in hand, our attention turned to the synthesis of more complex softwood lignin models. Although, softwood lignins are composed almost exclusively of G units, the inter-unit connectivity is much more complex than in hardwood lignins (see Fig. 1 ). In particular, such lignins contain significant proportions of β-5 units as well as β-O-4 and minor amounts of β-β units. 47, 48 As a result the polymer synthesis required the preparation of novel β-5 and β-β G unit monomers. Following a similar route to that used previously, the required β-β monomer 11 was prepared in 4 steps from ferulic acid 12 (see Scheme 1). Esterification of 12 to methyl ferulate (13) followed by reduction gave coniferyl alcohol (14) , which underwent dimerization in the presence of FeCl 3 to give pinoresinol (15) from which monomer 11 was prepared. For the β-5 monomer, the synthesis of a bi-functional monomer 16 which would support polymerisation was developed from β-5 coupled diferulate 17 (Scheme 3). Diferulate 17 was readily prepared by the horseradish peroxidase mediated oxidative dimerization of 13 as reported by Brunow et al. and Ralph et al. (Scheme 3) . 49, 50 We found that this underutilised and green preparation was preferable to the more commonly reported silver(I) mediated dimerisations. 21 The subsequent polymerisation of a mixture of 7, 11 and 16 (1 : 0.3 : 0.1) by LDA in THF followed by reduction of the ester groups with NaBH 4 /MeOH yielded the synthetic lignin polymer 19 in a 40% yield containing β-O-4, β-β and β-5 units (Scheme 4).
Phenolic models
Whilst polymers 9, 10 and 19 should prove useful for most chemical investigations into lignin valorisation the lack of phenolic groups sets them apart from natural lignins. Whilst we feel in many cases that this would not have a negative impact in the application of these models, we were still interested in introducing such groups for instances where they may be important. In order to do this a protected 5-5 coupled divanillin monomer 20 was synthesised which would serve to introduce phenolic groups into the final polymer, as well as introducing 5-5 linkages. Such linkages are present in softwood lignins 53, 54 and are reported to be mainly found as the free phenols in isolated lignins. 55 The required monomer was prepared by the dimerisation of vanillin (21) to give divanillin (22) followed by alkylation with in situ generated MOMCl (Scheme 5). We chose a MOM protecting group as we believed it could be deprotected during the acidic work-up of the NaBH 4 /MeOH reduction of the ester groups and therefore no additional deprotection step would be required. Incorporation of this monomer into a model polymer was then attempted (Scheme 6). Analysis of the resulting polymer 23 by 31 P NMR confirmed the presence of diagnostic peaks for the phenolic 5-5 groups (Fig. 2) which was supported by 13 C NMR analysis which showed the appearance of resonances consistent with the C4 and C5 carbons in this structural unit (Fig. S1 †) .
2D HSQC NMR analysis
Due to the high molecular weight and heterogenous nature of these polymers overlapping and broad signals were observed in the 1D 1 H NMR spectra (see ESI †). To overcome this, 2D
HSQC NMR, a method now well established in lignin analysis, 57, 58 was used to characterise them. For the polymers synthesised in this study excellent quality 2D HSQC spectra can be obtained in 20 minutes using approximately 10-20 mg of polymer in 0.6 mL of solvent on a 500 MHz spectrometer, whilst good quality spectra can be obtained in 10 minutes or on a 400 MHz spectrometer. Similar experiments for lignin typically require 80-100 mg of material and a 2 hour experiment time, although this can be shorten to as little as 30 minutes using modified NMR protocols. 59 Detailed analysis of 9 indicated that the initial monomer composition was well conserved in the final polymer and, based on end group analysis the degree of polymerisation (DP n ) was approximately 10.4 (Table 1, entry 1). It is interesting to note that benzyl alcohol (BA) end groups are almost completely absent in this polymer, consistent with the incorporation of monomer 1 into the polymer chain. A similar analysis of 10 revealed that the initial monomer composition was again well conserved and that the DP n was estimated to be 10.6 (Table 1 , entry 2).
2D HSQC NMR analysis of the more complex polymer 19 revealed the successful incorporation of the β-5 units into the polymer, together with the β-β and β-O-4 units. Pleasingly, the ratio of the units was again found to reflect approximately that used in the initial polymerisation, demonstrating excellent control over these ratios in both S-G and all G polymers. In this case end group analysis indicated a DP n of approximately 9.0 (Table 1, entry 3). The phenolic polymer 23 also closely matched the expected composition but displayed the lowest apparent DP n of the prepared polymers (Table 1 , entry 4). The 2D HSQC NMR spectra of these models were compared to those of birch (hardwood) and douglas fir (softwood) lignins isolated via a mild acid dioxasolv extraction process (Fig. 3) . 60 In general the spectra are remarkably similar, and the chemical shifts of the linkages and aromatic resonances correspond well between model polymers and lignins (Fig. 3) . In addition to the expected cross peaks for the linkages, a number of additional peaks are present in the natural lignins, particularly the douglas fir lignin, which are not present in the polymers. These are believed to correspond to other minor linkages present in the native lignin formed during the 
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This oxidative polymerisation process and to minor acidolysis products formed during the extraction process. Similarly there are a number of peaks in the spectra of the model polymers not present in the natural lignins which can be assigned to end groups resulting from the synthetic route used to prepared these polymers ( Fig. 3 and Schemes 2 and 4).
Gel permeation chromatography analysis
GPC analysis was carried out to assess polydisperity and to allow comparison of our synthetic polymers with isolated hard and softwood lignins (Fig. 4) . This analysis indicated that the hardwood model polymer 9 was slightly higher in molecular weight than the isolated birch lignin whilst the polydispersity of the polymer was almost the same ( Fig. 4 and Table 2 , entries 1 and 5). The softwood model polymer 19 had the highest molecular weight of the polymers synthesised here and was higher than the douglas fir lignin (Fig. 4 and Table 2 , entries 3 and 6). Analysis of phenolic polymer 23 indicated it had the lowest molecular weight of all the samples which is consistent with the results of the 2D HSQC NMR analysis (Table 1, entry 4 and Table 2 , entry 4). Whilst the mild dioxasolv lignins used in this study maintain many of the characteristics of the native lignin, the lignin is chemically changed during the extraction process. In particular partial cleavage of β-O-4 linkages likely leads to the isolation of lignins which are lower in molecular weight than the protolignin originally present in the biomass. ‡
Polymer stereochemistry
Establishing the erythro to threo ratio of the β-O-4 units in these complex polymers is important as this ratio can change significantly between lignins from different plants and can affect the chemical reactivity of the linkage. 61, 62 In particular softwood lignins have been shown to have a lower erythro to threo ratio than hardwoods. 63 Determination of the erythro/ threo ratio in lignins, and by extension polymeric models, by NMR methods remains challenging. For units that have the G/ S-S structure (see Fig. 3 ) the ratio could be assessed from analysis of the β-protons in the HSQC NMR spectra as the erythro and threo forms can be distinguished. This analysis indicated that such units display a clear preference for the erythro form (Fig. 5) , consistent with natural lignins. 63 For the G/S-G structures this ratio could not be assessed from the HSQC spectra due to signal overlap and therefore the 13 C NMR was used as an indicator. This showed that the erythro form appears to be favoured for these units, although to a lesser extent than for the G/S-S units. In addition, whilst the relative stereochemistry of the β-5 and β-β units in lignin is frequently overlooked or taken for granted, it this is in fact well defined. 59, 64 Comparison of the similarity of the 2D HSQC NMR for the polymers and lignins (Fig. 3 ) spectra clearly shows the relative stereochemistry of these linkages in our polymers closely matches those in lignin based on 1 H and 13 C chemical shift analysis. 59 
Chemical reactivity
In order to assess how the reactivity or our model polymers compared to natural lignins we decided to use the well-established DFRC method of lignin analysis developed by Ralph et al. 65 This method has been extensively employed to analyse lignin in situ and following isolation. The results of this analysis are represented in Fig. 6 . For polymer 19 ( Fig. 6A ) and doulgas fir lignin (Fig. 6B ) only coniferyl alcohol diacetate is detected, consistent with NMR analysis indicating that only G units are present in both. An additional peak is present for 19 assigned to an end group unit whilst the douglas fir lignin gives remarkably clean products. As expected, for polymer 9 ( Fig. 6C ) and birch lignin (Fig. 6D ) peaks are present for both coniferyl and sinapyl alcohol diacetate. In this case additional a We have previously determined the standard deviation for polymer analysis by 2D HSQC NMR to be less than 0.05. 11 .
b Calculated based on end-group analysis and given as a function of the number of C 9 units. See ESI Fig. S2 for more details.
c Values are calculated based on volume integrals and no response factors were used. As end-groups are likely to be more mobile and therefore slower relaxing than the polymer backbone, they may be over represented in these experiments. 56 and references therein). ‡ Whilst we report molecular weights for these polymers and lignins it should be noted that these are based on polystyrene standards and as such are unlikely to reflect accurately the actual molecular weight of these polymers. As such these values should only be used for comparative purposes.
minor peaks are detected from birch lignin whilst 9 shows two additional peaks assigned to S and G end groups. The G : S ratio calculated for 9 using this method was 51 : 49 which is in excellent agreement with the expected 50 : 50 ratio based on the mixture of monomers used to prepared this polymer. This differs from the ratio determined by 2D HSQC NMR (Fig. 3 ) because the coniferyl and sinapyl alcohol diacetate monomers detected during this analysis arise from the cleavage of the β-O-4 linkages and not the resinol units. 65 
Scalability
For these models to be useful substrates for the development of depolymerisation strategies they need to be accessible on gram to multigram scales. With this in mind the number of steps requiring purification by column chromatography has been minimised facilitating scale up. This has allowed the synthesis of polymer 9 on a 2 g scale, with no need for column chromatography from start to finish. Similar or larger scale synthesis of any of the polymers reported should be achievable if required as all the monomers have been prepared on gram to multi-gram scales. Additionally, given the relatively low abundance of resinol units in softwood lignins it could arguably be reasonable in some cases to omit this from the softwood lignin polymers, removing the need for any chromatography during the synthesis of non-phenolic β-O-4 and β-5 polymers, further improving scalability. What is, however, still unknown is how minor linkages such as the β-β unit affect the 3D structure of lignin in solution and hence their potential impact on the chemical reactivity of the lignin polymer.
Conclusions
A new method for the synthesis of complex lignin polymers as an alternative to DHP polymers has been developed for the investigation of lignin depolymerisation and valorisation. The method presented here provides fine control over the G : S ratio and the linkage composition of the polymer. The synthesis of polymer 9 containing both S and G units was demonstrated which was composed of both β-O-4 and β-β units C NMR used here is not quantitative but we have found that for dimeric models it reasonably reflects the e/t ratio and so has been used as an indicator for these polymers. As such the integrals are added only as a guide. *Tentative assignment.
representing a hardwood lignin model. As an extension to this softwood model polymer 19 was synthesised containing β-O-4, β-β and β-5 units, as was polymer 23 which also contained 5-5 units and phenolic groups. This is the first time, to the best of our knowledge, that polymers containing all three or four units have been synthesis by non-radical processes and therefore with excellent compositional control. In addition the scalability of such a synthesis has been demonstrated to give model polymers on multigram scales. It is hoped that complex model polymers such as those synthesised here will aid in the development of novel methods for lignin depolymerisation and valorisation ultimately allowing the full potential of this renewable resource to be unlocked.
